as a way of reducing water use in tree crops and vines with little or no impact on yield and fruit quality. RDI is mainly designed to restrict water when the sensitivity of plant to water stress is the minimum. RDI strategies can also be applied when the available water is insufficient to optimize maximum yields.
In this paper the information existing on RDI strategies in tree crops and vines is reviewed, with special emphasis on studies referring to the Spanish Horticulture. First, the concept of deficit irrigation (DI) and related strategies: regulated (RDI), sustained (SDI) and partial root drying (PRD) are defined. Then, the effects of water deficits on the main physiological plant processes (water relations, vegetative and fruit growth, yield and fruit quality) are described. Finally, the research on plant responses to RDI, with special reference to water savings and yield, is reviewed. Both its promising results and drawbacks are covered.
The concept of deficit irrigation
Deficit irrigation (DI) is a watering strategy proposed many years ago to improve water productivity and reduce the irrigation application. In a broad sense, quoting English and Raja (1996) , DI consists of the deliberate and systematic under-irrigation of crops. In other words, the amount of water applied is lower than that needed to satisfy the full crop water requirements. It is well known that reductions in the water applied usually lowers evapotranspiration (ET) and crop growth rates by limiting their principal component, transpiration (T) and, as a consequence, carbon assimilation. For this reason, it is of great interest to know the maximal reduction in ET compatible with obtaining benefits similar or even higher to those obtained when crop evapotranspiration (ET c ) is fully satisfied in mature fruit trees. In young plantations, on the other hand, the main objective is to maximise growth so that trees can mature as fast as possible, which implies the avoidance of even mild water deficits. The correct application of DI requires a thorough understanding of the tree responses to water deficits and of the economic impact of reductions in crop value. The potential benefits of DI, therefore, will come from: i) increased water use efficiency (WUE), ii) reduced irrigation and production costs, and iii) the opportunity cost of water.
Nowadays, DI is a common practice in many areas of the world, especially in dry regions. In these regions it can be more profitable for a farmer to maximize crop water productivity than to maximize the harvest per unit land. The saved water can be used for other purposes or to irrigate extra units of land.
Crop water productivity (WP) is a key term in the evaluation of DI strategies and was defined by Geerts and Raes (2009) When the water supply cannot be guaranteed or its onsite availability depends on external factors -random or unpredictable-such as droughts or political decisions taken at local or national level, as occurs in many arid zones of the planet, the DI is referred to as «uncon-trolled». But when the water supply is continuous because water is stored in private ponds or collective reservoirs, it is possible to apply one of the following DI strategies: regulated deficit irrigation, RDI (Chalmers et al., 1981) ; partial root-zone drying, PRD (Dry et al., 1996) ; or even sustained deficit irrigation, SDI (Goldhamer et al., 2006) , the latter based on distributing the water deficit uniformly over the whole crop cycle to avoid the occurrence of sever water stress at any particular moment, which might have unfortunate results.
Regulated deficit irrigation
RDI is an irrigation strategy developed in Australia in peach and pear orchards founded on the use of water stress to control growth and vegetative-fruit competition (Chalmers et al., 1981; Mitchell and Chalmers, 1982) . This strategy has a more physiological focus than DI. It looks at both the phenology of the crop and its capacity to resist water stress situations. It accepts that detrimental effects of water stress may have greater or lesser consequences as a function of the phenological moment when it is applied, its intensity and duration.
RDI consists of applying water in quantities below those necessary to satisfy ET c during certain periods of the crop cycle when production and crop quality are hardly affected, and in the application of all the water needed during the rest of the cycle, especially at critical periods of the cycle when the yield and/or quality would be most affected by a lack of water.
RDI is normally applied during stages of the cycle when reproductive growth is relatively slow and when vegetative growth and other plant processes may be affected, such effects frequently being translated into improved fruit quality.
Partial rootzone drying
This technique consists of maintaining approximately half of the root system sufficiently watered while the other part is allowed to dry. For this, both halves are watered alternately every so often (Dry and Loveys, 1998) . In several species, it has been observed that when part of the root system is in the process of drying, a root-shoot signaling mechanism is triggered; these signals molecules are transported via the xylem to the leaves, where they are translated into partial stomatal closure (Dodd, 2005; Egea, 2008) . Such stomatal regulation reduces water loss through transpiration with little effect on photosynthesis, thus increasing transpiration efficiency, that is the dry matter produced per unit of water transpired (Dry et al., 1996; Stoll et al., 2000) . Several studies pointed to the involvement of abscisic acid (ABA) in the control of stomatal conductance when the soil is dry (Dodd, 2005) . At the same time, the part of the root system receiving water that represents the equivalent of 50% of the irrigation water requirements maintains a suitable water balance in the areal part of the plant (Dry and Loveys, 1999) . Besides increased transpiration efficiency another effect observed with PRD is the limitation of vegetative growth (Egea, 2008) . Recent studies seem to confirm the viability of this technique in grapevines in which fruit quality and quantity increased in comparison with RDI (De la Hera et al., 2007; Dos Santos et al., 2007) . However, in some fruit species, PRD has given similar results to those obtained with RDI, with no clear advantage of the former when the volumes of water applied in both methods were the same (Egea et al., 2010) . Roots left in drying soil under localized irrigation system might be responsible for the reduction on transpiration and there is no need to alternate irrigation for achieving this effect (Fernández et al., 2006) .
Physiological and agronomic response to deficit irrigation
Many studies have been carried out to assess the effects of water restriction applied during different phenological stages of tree development. Research on plant responses to DI has identif ied the periods of highest plant sensitivity to water deficit (critical periods) such as the background information essential for successful RDI application. The outcomes of these studies are summarized in this section.
Water relations
Studies on soil and plant water status in response to water deficits have pointed to a reduction in the soil water content as the first signal that can be used as a stress indicator. Under RDI, DI periods have to be adapted so that the supply of water is reduced at the desired time (phenological stage), and this can be achieved by monitoring the soil water content. For instance, in deep soils, where both development of plant water stress and its recovery after re-irrigation curse slowly, undesirable results may ensue (Girona et al., 1990) . For irrigation management, different commercially available devices have been used to monitor the soil water content and identify the actual plant water status: tensiometers (Li et al., 1989) , granular matrix sensors (Intrigliolo and Castel, 2006) or capacitance probes (Abrisqueta et al., 2009b) .
Leaf (Ψ leaf ) or stem (Ψ stem ) water potentials have been profusely used as plant water status indicator, because these parameters are among the earliest responses to DI. Apart from a consideration of their diurnal changes and age-dependant dynamics (Ruiz-Sánchez et al., 1997 , they have been used as threshold values for irrigation scheduling in vineyards (Girona et al., 2006a) and peach orchards (Girona et al., 2006b) or to define the level at which both plant growth and yield were negatively affected, e.g. predawn Ψ leaf ≈ -0.5 MPa during the stage III of apricot fruit growth or midday Ψ stem ≈ -1.5 MPa during the summer for Clementina de Nules (González-Altozano and Castel, 1999) , among others.
Vegetative vs. fruit growth
The vegetative growth of woody trees is recognized as being the most sensitive process to DI. Reductions in shoot elongation and trunk cross sectional area in response to water deficits lead to reductions in tree size and smaller canopies (Girona et al., 2005a,b; Intrigliolo and Castel, 2005; Marsal et al., 2008a; .
Due to the high sensitivity of growth to mild water deficit, many studies have described trunk diameter fluctuations as the most sensitive indicator of water status, since they are among the first physiological indicators of variations in tree water functioning compared with other discrete or continuous measurements, as it has been found in lemon and peach trees (Conejero et al., 2007) . Current knowledge of the use of trunk diameter fluctuations and their derived parameters for irrigation scheduling in woody crops is reviewed in Fernández and Cuevas (2010) and Ortuño et al. (2010) .
Fruit water accumulation is highly sensitive to the level of water deficit during all fruit developmental stages, whereas dry matter accumulation is relatively insensitive . When moderate water def icits were applied during early stages of fruit growth, fruit growth was not reduced compared with fully irrigated trees; moreover, fruit growth was even stimulated due to an accelerated rate of growth when irrigation was increased to 100% ET c during the subsequent stages, as it has been found in apricot (RuizSánchez et al., 2000; Torrecillas et al., 2000) , citrus (Cohen and Goell, 1988; González-Altozano and Castel, 2000b) , pear (Mitchell et al., 1984; Caspari et al., 1994) , apple (Ebel et al., 1995) , although no such observation has been found in other studies (Domingo et al., 1996; Girona et al., 2003) .
There is general agreement that different water deficit intensities during final stages of fruit growth (stage III for the double-sigmoid fruits) cause a reduction of fruit diameter, which adversely affects production, and therefore it is considered the most sensitive period for irrigation (Ruiz-Sanchez and Girona, 1995; González-Altozano and Castel, 1999 , 2000a ,b, 2003 Torrecillas et al., 2000; Girona et al., 2004) .
DI management can be a powerful tool to manipulate plant growth for greater fruit-fullness and less vegetative growth. For this reason, a clear separation between the main periods of vegetative and fruit growth is an advantageous characteristic for the successful application of RDI in fruit trees, since water deficit will affect only one of these processes at a time. Nevertheless, as indicated above, if vegetative and fruit growth processes overlap the former will be the more affected.
Yield and fruit quality
In deciduous fruit trees the final yield depends on irrigation and the climatic conditions prevailing in the current harvest year as well as on the flowering behaviour, which is dependent on the previous year's postharvest period. The effect of DI during fruit growth stages has already been discussed. Lower flowering density and fruit set as a result of DI during the previous postharvest period have been recorded in pear , apricot (Ruiz-Sánchez et al., 1999) and peach (Girona et al., 2003) .
Crop management practices, including thinning and pruning, influence fruit load. The combined effect of DI and crop load must be considered; in general, high fruit load tends to increase the sensitivity of fruit growth to water stress and may also delay the recovery from it (Marsal et al., 2008a) .
DI applied during fruit growth stages in peaches and apricots induced a higher soluble solids content (SSC) and SSC/titratable acidity (TA) ratio, which was also correlated with a more reddish coloration in the fruit skin and earlier maturity Gelly et al., 2004; Pérez-Pastor et al., 2007) .
Deciduous fruit trees Vines
This section will discuss RDI application in grapevines for wine production mainly based in results from the Spanish Viticulture. The use of RDI in table grapes though is also of agronomic and economic importance will not be specifically addressed here.
Irrigation is a common cultural practice in the viticulture of New World countries, while in Spain, irrigation of grapevines for wine production was forbidden by law until 1996. Though its use for wine production has steeply increased in the last decade, in some viticulture areas it is still somewhat restricted or even prohibited based on a common, and often not scientifically proven, consideration that irrigation detrimentally affects wine composition.
Supplying irrigation to ensure the full vine evapotranspiration, e.g. using the crop coefficient values recommended by FAO (Allen et al., 1998) , may maximize vineyard productivity but normally reduces grape and wine quality (Williams and Matthews, 1990) , often due to an increase in berry size through irrigation. If other berry characteristics, such as skin thickness, are not affected by irrigation, then larger berries would have a lower skin to pulp ratio. This leads to a dilution of the main berry quality components that are localized in the skin. Irrigation may also indirectly affect berry quality because of increased and prolonged vegetative growth. An excess of shoot vigour may compete for the carbohydrates available for fruit ripening, and might also impair cluster microclimate, particularly fruit light exposure (Smart et al., 1985) .
Previous research on irrigation in Spanish vineyards has been mostly based on applying a constant amount of water, less than full ET c during the whole season, which is SDI. Studies have been conducted on most of the main viticultural areas, like La Rioja (García-Escudero et al., 1991 , 1997 , Castilla-La Mancha (Bravo de Mingo et al., 1998) , Ribera del Duero (Rubio et al., 2004; Yuste et al., 2005) , Extremadura (Valdés et al., 2004) , Tarragona (Nadal and Arola, 1995) , Madrid (Esteban et al., 1999) , Murcia (De la Hera et al., 2004) , Islas Baleares (Escalona et al., 1998) , Somontano (Sipiora and Gutiérrez-Granda, 1998) and Utiel-Requena (Intrigliolo and Castel, 2008) . Results have shown a general increase in yield, mostly due to increased berry and cluster weight, and in some instances also some beneficial effects of irrigation on fruit ripening, mainly higher acidity and increased berry sugar concentration, but frequently it has been observed a decrease in the concentration of skin anthocyanins and reduced wine colour (Esteban et al., 2001) .
For many wine grapevine varieties, control of berry size is of importance, and in many localities the irrigation management, especially during the pre-veraison period can be a very effective way (though not the only one) of achieving this goal. This strategy is more applicable for red-wine varieties rather than white ones for which control of berry size and canopy size is considered less important.
Water deficit during post-veraison, although less effective in controlling berry size, has also been claimed to beneficially influence fruit composition in ways that are, at least in part, independent of berry size (Roby et al., 2004) and it was recently found that water deficit can enhance accumulation of anthocyanins by stimulating the expression of genes encoding their biosynthesis (Castellarin et al., 2007) . RDI can then be applied as a strategy to reduce the possible negative impact of irrigation on wine quality, as well as allowing water savings and increasing WUE.
RDI in wine grapevines in Spain has been studied in cvs. 'Bobal' (Salón et al., 2005) and 'Tempranillo' (Intrigliolo and Castel, 2009b; Yeves et al., 2009) , where pre-and post-veraison RDI treatments where compared to a fully irrigated control. In 'Tempranillo' in the pre-veraison RDI, irrigation was withheld until midday Ψ stem values reached -1.0 MPa, while RDI post-veraison was irrigated like the control until veraison's end and afterwards at 25-50% of control, increasing or decreasing the reduction trying to avoid that water stress would become too severe (Ψ stem < -1.4 MPa). The results showed that early water def icit allowed for water savings of 40% and gave the best agronomic results, given that yield was practically the same as in the control, but berry size was reduced leading to more concentrated berries in terms of anthocyanins, although other compositional berry parameters (sugar, titratable acid, pH, malic and tartaric acids and total phenols) were similar to fully irrigated vines. Contrarily, the post-veraison water shortage produced water savings of only 17%, did not affect final berry size but impaired berry sugar accumulation and delayed maturation due to detrimental effects of water stress on leaf photosynthetic rate. These results are in agreement with reports on 'Colombard' (Van Zyl, 1984) , 'Cabernet Franc' (Matthews and Anderson, 1988) , and 'Shiraz' (McCarthy, 1997) , where water deficit occurring before veraison also reduced berry size more than during late season. However, they do not confirm the beneficial influences of post-veraison RDI on berry composition of other reports (Roby et al., 2004; Castellarin et al., 2007) .
Thus, in conditions of scarce water resources, applying moderate water deficits before veraison and irrigating without considerable restriction afterwards, appear as the most convenient irrigation strategy in Tempranillo vineyards.
Although it is known that other factors may also determine grapevines responses to water, particularly the crop level (Bravdo et al., 1985) , other reports, in Cabernet Sauvignon in the arid Columbia Valley (Keller et al., 2008) and in Tempranillo in Spain , have shown no interaction between crop load and RDI, except for very high yield levels indicative of unbalanced vines.
Most of the seminal work which originated the PRD practice came from split root experiments with potted grapevine plants (Dry and Loveys, 1999; Stoll et al., 2000; Antolín et al., 2006) . These investigations showed that vines with half of the root system always in contact with dry soil had lower stomatal conductance and reduced vegetative growth (responses mediated by root produced abscisic acid), without detrimental effects on yield and improvement in fruit quality, thereby increasing WUE. In vineyards, it has been claimed that PRD helps in controlling excessive vegetative growth and improves grape quality while not reducing fruit production .
In the field, instead, there are not only some examples of successful PRD (Dry et al., 2001; Dos Santos et al., 2003 Du et al., 2008) , but also many other cases where PRD did not have any considerable effect on grape performance, when it was compared with the same amount of water applied by conventional drip irrigation (Bravdo et al., 2004; Gu et al., 2004; Pudney and McCarthy, 2004; Marsal et al., 2008b) .
Partial rootzone drying applied at two amounts (100% and 50% of the estimated crop evapotranspiration) was compared to conventional drip irrigation, and also to rain fed vines in 'Tempranillo' during two consecutive years in a commercial vineyard with a deep, light-clay soil (Intrigliolo and Castel, 2009a) . In both seasons, PRD did not significantly affect physiological parameters, neither growth, yield or fruit and wine quality, when compared to the same amount of water applied by conventional drip irrigation. Overall these results suggest that, under these experimental conditions, it was the irrigation amount rather than the system of application what affected vine performance, indicating the difficulties of successfully employing the PRD type of irrigation with a drip system in heavy and deep soils. This confirms the findings of Marsal et al. (2008b) that under heavy deep soils the PRD technique seems to be less effective than under sandy soil (Dos Santos et al., 2003) , where wetting and drying cycles can be achieved more easily.
Prunus sp.
In most of the research on plant responses to RDI in Prunus sp., water restriction were applied during stages I and II of fruit growth (initial growth and pit hardening, respectively) as well as during the postharvest period, whereas full irrigation was applied during the critical period, namely rapid fruit growth (stage III). The main results on the agronomical response to RDI are summarized below.
The response of peach trees to different RDI strategies has been studied in Lleida province in mediumlate maturing cultivars, 'Sudanell' in shallow soils (Girona et al., 2003) and 'Andross' in deep soils (Girona et al., 2005b) . Overall, RDI can be used successfully on peach trees. Results indicated that DI at 35% of ET c during stage II (pit hardening) and/or during the postharvest allowed water saving of up to 22% in shallow soils and 35% in deep soils without affecting yield or final fruit size. However, the carry-over effect of DI affected yield through reductions in tree size after a three-year period. Implications from these studies pointed to that water deficit during the postharvest should be managed carefully in order to avoid reductions in bloom and fruit load (Girona et al., 2003) . For this reason, together with climatic conditions, fruit thinning practices must be considered when yield responses to RDI are studied.
Peaches intended for industrial use can be managed under RDI conditions (irrigated at 40% of the control during stage II or at 70% during stage III) without affecting the grower's profit and even increasing the sugar content, as indicated in a long-term trial in a low water holding capacity soil in Lleida (Rufat et al., 2009) .
A reduction of up to 25% in irrigation water was obtained when an RDI strategy, based on DI during stage II of peach fruit growth, was applied to a medium maturing peach cultivar 'Babygold' in Murcia, with no differences in final yield (Botía et al., 2004) .
In an early-maturing peach cultivar 'Flordastar', an RDI strategy based on irrigation at 100% of ET c only during stage III of peach fruit growth and 25% during the rest of the growing season led to lower yields compared with full irrigation in mature trees (Abrisqueta et al., 2009a) , although it performed well during young stages of tree growth RuizSánchez et al., 2006) . The results indicated that severe water deficits applied during the postharvest period (longer in the early maturing varieties) limited vegetative growth and the yield of mature peach trees. The experiment was performed in stony, shallow clay-loam textured soil under Mediterranean conditions in Murcia. Fruits from the RDI treatment showed a lower content of vitamin C and carotenoids, while the phenolics content (mainly anthocyanins and procyanidins) increased (Buendía et al., 2008) .
PRD (irrigation at 50% of ET c , alternating irrigation from one half of the tree to the other every 2-3 weeks) has been compared with SDI in the same peach cultivar. No differences in yield between DI treatments were found, although the yield was lower than in fully irrigated trees (Tapia et al., 2009) . PRD resulted in a lower reduction in root growth than the obtained with SDI with respect to the full irrigation treatment (Abrisqueta et al., 2008) .
The response of mature apricot trees (Prunus armeniaca L., cv. 'Búlida') to RDI was studied during four growing seasons in a commercial orchard in Mula valley (Murcia, Spain), with a loamy textured soil under drip irrigation conditions Pérez-Pastor et al., 2009) . The RDI strategy consisted of irrigation at 100% of ET c during the critical periods (second rapid fruit growth period and two months after harvest), and at 25-40% of ET c during the rest of the non-critical periods. The longer and more severe deficit periods in the RDI treatment caused a decrease in yield in the two first seasons, when 25% of ET c was applied; however, under moderate water deficit (up to 40% of ET c ) it was possible to obtain similar yields and fruit quality to those obtained in control trees (irrigated at 100% of ET c all year). SDI applied throughout the growing season affected productivity and limited vegetative and reproductive growth. RDI can then be considered a practical strategy for apricot plantations in Mediterranean areas suffering permanent limited water resources. The response of young mid-season Japanese plum trees (Prunus salicina cv. 'Black-Gold') to RDI was studied over 4 years in Valencia, Spain (Intrigliolo and Castel, 2005) . Water was restricted during phenological stages II and III of fruit growth, or after harvest, replacing 33% or 66% of ET c , or during both periods at 66% of ET c . Water deficit during fruit growth reduced average fruit weight, while drought after harvest did not affect flowering, fruit set, fruit growth or yield, in the short-term. However, in the last year of the experiment there was a 10% reduction in yield compared with control trees, due to the smaller trees in postharvest RDI treatment, as a consequence of the cumulative effects of water deficit on tree growth. Savings in water applications were similar with DI applied after harvest, or before and after harvest. Post-harvest DI, despite its moderate detrimental effect in the longterm, should be considered in commercial orchards not only in cases of water scarcity, but also as a tool to control vegetative growth.
In Spain, almond trees [Prunus dulcis (Mill.) D.A. Webb] are mainly cultivated along the Mediterranean coast, an area characterized by scarce rainfall and high temperatures. Traditionally, almond has been considered drought tolerant. Most plantations depend on rainfall and only 6% are irrigated. Although almond is adaptable to a wide range of water availability, yields may be seriously affected when water stress occurs during active vegetative and fruit growth (stages II and III, March-June) and postharvest (stage V, end AugustOctober) periods. However yields are relatively insensitive to mild and moderate water stress during kernelf illing, stage IV, June-August (Girona and Marsal, 1995; Goldhamer, 1996) . The strong sink activity of the fruit during this period compared to other plant organs may be the cause of this behavior . For this reason, phase IV has been considered the most suitable for the application of DI. Nevertheless, avoidance of severe stress in almonds seems highly desirable for a crop where nut size is determined before harvest. Furthermore, it should be noted that processors pay less for smaller fruit (Goldhamer et al., 2006) . Girona and Marsal (1995) pointed to a dryland/ irrigated crop yield ratio of 1/10, which goes a long way to explaining the increased use of drip irrigation systems in commercial almond tree orchards. The value of this ratio justifies the numerous studies carried out into the response of almonds to RDI.
One of the first groups in Spain to study the response of almond to DI was that of CEBAS-CSIC, Murcia (León et al., 1985; Ruiz-Sánchez et al., 1988; Torrecillas et al., 1989) . However, the use of RDI follows the studies carried out by the group at IRTA (Lleida) related with the sensitivity of almond to water deficit as a function of the phenological stage (Girona et al., 1997) . Subsequent studies by the same group (Girona et al., 2005a) and others such as those at IMIDA, Murcia and UPCT, Cartagena, Murcia (Nortes, 2008; Egea et al., 2009 Egea et al., , 2010 have confirmed almond as a crop ideal for applying RDI strategies.
The use of RDI in almond, applied during the kernelf illing phase, was evaluated over four consecutive years by Girona et al. (2005a) . Average fruit yields recorded were relatively high in all the assayed treatments (kernel yield > 1,400 kg ha -1 ). But it was the treatment irrigated at full ET c (T 100 ), which obtained the optimal yield response, which was even higher than that obtained in trees receiving 30% more water (T 130 ). In RDI treatments, the one irrigated at the same rate as T 100 (except during the kernel filling period, when irrigation was 20% of T 100 ), did not decrease kernel dry matter accumulation during the first two experimental years. This suggests that kernel growth during the kernelfilling phase seems to be relatively resistant to water stress. However, and due to carry-over effects, both cropping and kernel growth were reduced during the third and fourth years of the experiment. According to the authors, the explanation for this decrease could be a hypothetical depletion of the carbohydrate reservoir in RDI trees and also the negative soil water balance observed in the T 70 (a seasonal SDI strategy receiving 30% less water than T 100 ) and in RDI during winter and spring of the last two years. The RDI strategy represented a 60% saving of water compared with T 100 but only a 20% reduction in yield. RDI was considered more interesting than T 70 , pointing to the great interest in this irrigation technique both from an economic and water conservation point of view. However, in an experiment realized in California, Goldhamer et al. (2006) indicated that, for the same level of applied water, yields were less affected under SDI than under RDI.
A comparative study of several regulated deficit irrigation treatments applied by surface (RDI) and subsurface (RDIS) drip irrigation was realized by , who showed that both RDI and RDIS are valid strategies for improving water productivity and economic benefits. For example, RDI using 20% ET c during the kernel filling period involved a 26% saving of water compared with what would have been necessary to satisfy 100% of the crop water requirements and only an 11% reduction in production (1,412 vs. 1,251 kg kernel ha -1 ). Also, RDIS based on 20% ET c during the kernel filling period and 50% during post-harvest was more profitable than irrigation at 100% ET c throughout the season. RDIS produced a greater horizontal distribution of fine roots and stimulated a deeper root development in the soil profile than the surface drip system. This was probably the main reason for the greater WUE reached with the RDIS treatments.
More recently, Egea et al. (2010) studied the longterm effects of different DI options on tree growth, yield determinants and water productivity of almond trees cv. Marta grown in a semiarid climate. Three partial root-zone drying (PRD) irrigation treatments (30, 50 and 70% ET c ) and a RDI (at 50% ET c during kernelfilling) were compared over three consecutive growth seasons with full irrigation (control). The results showed that all DI treatments had a negative impact on trunk growth parameters, the magnitude of which was strongly correlated in a linear fashion with the annual volume of water applied per tree. Except in PRD 70 , individual kernel weight was significantly reduced in the deficit irrigated treatments. Water productivity increased drastically with the reduction of water application. Meanwhile, the amount of water applied in PRD 30 represented 28% that of the control, which translates into a 123% relative increase in water productivity. The treatments that received similar annual water volumes under contrasting DI strategies (i.e. PRD 70 and RDI) showed similar tree performance. This suggests that the type of irrigation strategy was probably not a relevant factor in water productivity in almond trees. It may be said that in water deficit conditions, the partitioning of assimilated carbon in almond tree favours fruit growth at the expense of vegetative growth. This characteristic underlines the suitability of almond as a crop of great interest for using RDI or PRD strategies.
The use of RDI with saline waters (EC 25°C = 4.2 dS m -1 ) has also been studied in mature Colorada almond trees during four seasons (Nortes, 2008) in the arid conditions of Fuente Alamo (Murcia). The results showed that water savings of 50% can be achieved with RDI without affecting fruit yield components (775 kg kernel ha -1 RDI vs. 795 kg kernel ha -1 control treatment). These yields represent a five-fold increase over those typical of Spanish dryland agriculture (150 kg kernel ha -1 ). The strategy involving 100% (stages II + III) -30% (stage IV) -70% (stage V) of control levels may make a large contribution to the productive capacity of this sector. Differences of 0.2-0.3 MPa predawn leaf water potential with respect to the control treatment do not affect the yield or physical quality of almonds. However, a tendency to reduced vegetative growth has been observed in RDI trees, which could affect long term production. Irrigation with saline water has a clearly negative effect on the development and production of almond trees, although the yields obtained were above those that might have been expected given the high degree of salinity of both the water and soil. This autochthonous variety seems to show good adaptation to water and salt stress, which should make it possible to use water more efficiently. In the conditions described above, agricultural practices should be aimed at facilitating the leaching of salts from the soil and the maintenance of the soil structure.
Pome fruits
Pear tree response to RDI was studied in a mature commercial orchard (Pyrus communis L. cv. 'Blanquilla') in Lleida. DI during both stages I or II of fruit growth affected fruit production by increasing fruit numbers but decreasing fruit size, while over-irrigation strongly reduced fruit numbers. Optimal fruit production occurred between these extremes. In addition, fully irrigated trees achieved the highest accumulated trunk growth and largest fruit size . In potted pear trees RDI (15% of the control) also led to a smaller fruit size at harvest than in fully irrigated trees; despite fruit osmotic adjustment and the slightly higher tree water status in RDI, when full irrigation was resumed during stage II fruit development, the fruit growth rate remained lower in RDI trees than in the control trees (Marsal et al., 2000) .
RDI was applied to apple tree (Malus domestica L.) in a trial in Lleida with DI (50% of the control) applied during the last stage of fruit growth and full irrigation the rest of the growing season. During the three year period, RDI did not reduce fruit size or yield, while SDI during the whole year drastically reduced fruit size. However, although the use of RDI with no reduction in fruit yield seems plausible, a specific study of plant sensitivity to water deficits is needed (Girona et al., 2009) .
Perennial fruit trees Citrus
The application of RDI to citrus has been widely studied. Results in drip-irrigated mature 'Salustiana' citrus trees during seven seasons Buj, 1989, 1993) showed that RDI, irrigation at 60% of a fully irrigated control, during spring (April to June) allowed seasonal water savings of about 20% (≈120 mm year -1 ) respect to the control and reduced yield by 8%, while RDI at the same restriction (60% of control) during the last phases of fruit growth (September to March) produced a water saving of 15% and the yield reduction was only 4%. These small yield losses were due to reduced fruit size, as fruit number was not affected in most years. Fruit internal quality was practically unaffected.
Studies on the application of RDI and DI to dripirrigated 'Clementina de Nules' (CN) citrus trees over Carrizo citrange (Ginestar and Castel, 1996) showed that flowering and fruit set are periods highly sensitive to water restrictions, as water stress during this stage increases fruit drop and consequently reduces yield substantially. It was also found that the more appropriate phenological period for applying water restrictions was during the summer, soon after the physiological fruit drop.
Further work in the same orchard by González-Altozano and Castel (1999 Castel ( , 2000a Castel ( ,b, 2003 showed the feasibility of applying RDI treatments in CN trees during the summer months (mainly July-August), that allowed water savings of about 10-20% without any detrimental effect on yield or fruit size during several seasons. They also identified threshold values of plant water stress (midday Ψ stem ≈ -1.5 MPa) which did not affect fruit size, providing that water restrictions would finish sufficiently before harvest, in order to allow for compensation in fruit growth (González-Altozano and Castel, 2000b) , a fact that has also been observed in grapefruit (Cohen and Goell, 1988) . Ballester et al. (2008 Ballester et al. ( , 2009 ) studied the extrapolation of the previous results and Ψ stem threshold, obtained at the IVIA experimental farm, to commercial orchards planted with 'Clementina de Nules' (CN) and 'Navel Lane Late' (NLL), both over Carrizo citrange. In these experiments, two levels of RDI (restrictions of about 50 to 35% respect to control during July-mid September, for RDI-1 and RDI-2, respectively) have been compared to a control treatment, fully irrigated during the whole season. Results from the 2007 and 2008 seasons show that in CN a reduction of seasonal water application of about 21% (RDI-1) did not affect yield or fruit size with respect to control. However, the higher water restriction (28%, as in RDI-2) produced a significant 15% yield loss, mainly due to reduced fruit size. RDI treatments did not affect number of fruit per tree; neither had they had any residual effect on flowering or fruitset during the second season. Over all treatments fruitset percentage in 2008 was 3.7%.
Results in NLL were somewhat different. Thus, yield was signif icantly reduced in both RDI levels (16% in RDI-1 and 19% in RDI-2) compared to the Control, also mainly due to reduction of average fruit weight in both RDI levels, as fruit number per tree was practically the same for all treatments.
In both cultivars, RDI increased internal fruit quality (e.g., total soluble solids and titratable acidity) respect to control trees, nearly in proportion to the water restriction severity. In CN there was clear evidence of active fruit osmotic adjustment. A fact that has been also found in Valencia oranges on Carrizo citrange and rough lemon rootstocks (Barry et al., 2004) . Higher fruit TSS and TA normally increase fruit price in markets where not only external fruit characteristics (e.g. size and appearance) are valued.
Another clear effect of RDI treatments was a reduction of trunk growth that in a relative basis (e.g. relative growth rate) was reduced with respect to the control by 13% to 16%, and by 24% to 29%, on a seasonal basis in CN and NLL cultivars, respectively. A reduction in tree growth can be considered a positive effect of RDI since it diminishes the competition between vegetative and reproductive growth, increasing tree efficiency and it might also reduce pruning costs.
Recent experiments in a commercial mature Navelina orchard (Gasque et al., 2009) In conclusion these results indicate that the previous information on RDI obtained in Clementina can be thoroughly extrapolated to commercial orchards of this variety and to Navelina oranges, while Navel Lane Late seems to be more sensitive to water stress and further studies are still needed to define more precisely the timing and severity of water restrictions adequate for this late season cultivar.
The use of RDI with saline waters has also been recently studied in mature Fortune mandarines during three seasons (Pagán et al., 2009) . Results have shown the very negative effects on tree yield and growth produced by the progressive salt accumulation that occurred in the soil profile as consequence of insufficient leaching; an important concern for any irrigation strategy with saline water.
The application of RDI in mature 'Fino' lemon trees was studied during four consecutive seasons in the arid conditions of Santomera (Murcia) under drip irrigation in a stony, clay-loam of low water holding capacity (Torrecillas et al., 1993; Domingo et al., 1996) . Two RDI treatments were compared to a control, which was irrigated at 100% of estimated ET c during the whole season. RDI-1 was irrigated like the control during the fruit growth period (June to October) and at 25% of control thereafter, while RDI-2 was irrigated at 70% of control during the fruit growth period (June to October).
Results showed that the water saving of 22% achieved in RDI-2, was not economical, as fruit growth was delayed by water stress during this period and consequently the proportion of early fruit (those with higher market prices) was significantly reduced. Then, although total yield in RDI-2 was practically the same as in the control, economic revenue was substantially reduced for this early lemon variety. However, water restrictions later in the season (RDI-1) allowed seasonal water savings of about 25% without any effect on total yield and the proportion of early fruit was also practically unaffected (only in the driest year of the 4 studied there was a reduction). Therefore, this RDI-1 strategy can be recommended in situations of water scarcity, so common in Eastern Spain, for early lemon varieties.
Olive
Olive (Olea europea L.) is drought-resistant and has traditionally been cultivated in areas with limited water resources in low density plantations under rainfed conditions. However, it responds positively to irrigation, even with low amounts of water (Fernández et al., 1997; Fernández and Moreno, 1999; Moriana et al., 2003) . In most Spanish olive growing areas maximum water requirements cannot be satisf ied because of water scarcity. For this reason, the policy of the Guadalquivir River Basin District decided to permit DI over a large area rather than full irrigation over a reduced area (Pastor and Hidalgo, 2005) .
Fortunately, RDI has been reported as useful for olive oil production (Alegre et al., 2002; Moriana et al., 2003; Iniesta et al., 2009) , and the second phase of fruit development, when pit hardening occurs, seems to be the most resistant period to such water deficit. The above authors reduced or even withheld irrigation from the beginning of massive pit hardening to two weeks before the beginning of ripening (July 1-15 to September 15-20). The fact that the second phase of fruit development coincides with a period of high evaporative demand means that the olive tree can be considered a crop of great interest for the application of RDI.
In Lleida, Alegre et al. (2002) studied the response of mature olive trees (cv. Arbequina) to full irrigation (100% ET c ) during four seasons and compared the f indings to RDI in which 25, 50, or 75% ET c were applied during the midsummer period. The results showed that RDI improved water productivity, the organoleptic characteristics of the oil and the behaviour of the fruits in the olive mill. The irrigation treatment at 50% ET c in midsummer was particularly interesting since it allowed water savings of 35% with no yield losses. In general, RDI accelerated fruit ripening and affected fruit and oil composition during the early stages of ripening; however, at harvest, differences in oil content and yield due to irrigation treatment were minimal (Motilva et al., 2000) .
In the same way, Moriana et al. (2003) compared the yield response of mature olive trees (cv. Picual) cultivated in Cordoba under SDI and RDI with a control, which was irrigated at 100% of estimated ET c . The RDI involved 75% of ET c with a midsummer deficit period without irrigation, while SDI also used 75% of ET c but evenly distributed throughout the irrigation season. The results illustrated that the average reductions in ET and yield in both DI strategies with respect to control were similar. Although plant water status in SDI was better than in RDI, the difference was not sufficient to justify one strategy as the other since the yield was the same and SDI used greater amount of water. Of note was the fact that the authors found a curvilinear yield-ET c function, which means that water productivity is highest at low levels of water application and that both irrigation strategies can be considered appropriate in olive trees (Fereres and Soriano, 2007) . The same treatments (full irrigation, SDI and RDI) were tested in an olive orchard (cv. Arbequina) in Cordoba by Iniesta et al. (2009) . Both DI treatments applied the same seasonal amount of irrigation, about 25% of the control. The results from 2004 to 2006 showed that a reduction of seasonal irrigation application of around 75% caused a decrease in seasonal ET (30-35%) and in radiation use efficiency, leading to moderate (≈15%) reductions in oil yield. WUE for oil in SDI and RDI was higher than in the control, but the oil yield was similar in both deficit treatments. Therefore, both irrigation strategies may be used in olive to save a significant amount of irrigation with moderate reductions in oil yield. In canning olive trees, Goldhamer (1999) found that a reduction in the water applied during midsummer of 15-25% of seasonal application for maximum yield did not have a negative impact on yield.
Many experiments have revealed reductions in vegetative growth induced by DI (Moriana et al., 2003; Iniesta et al., 2009) . This effect, which is of great interest for controlling canopy size and for reducing the costs associated with specific agricultural practices, may reduce the number of fruits per tree. Given that most of the above mentioned studies only covered a there year period, a longer study would provide valuable information.
Loquat
The easy adaptation of loquat (Eriobotrya japonica Lindl.) to warm-temperate areas has permitted its rapid expansion throughout the Mediterranean basin. Earliness is a determining factor for the marketing and profitability of this crop, which reaches its highest prices at the beginning of the season. Early flowering in loquat in response to DI resembles that observed in other tropical and subtropical fruit crops (Crane, 2004) . According to the studies of Cuevas et al. (2007) , the optimal period for RDI application in 'Algerie' loquat cultivated under subtropical semi-arid climate of Almería in a sandy-claim-loam textured soil, was from mid-June to the end of July (postharvest period). For better fruit value it was found more useful to completely suppress watering rather than to subject to lengthier milder DI (Cuevas et al., 2009) . This strategy led to mean soil matric and midday stem water potential values of -160 and -125 kPa at 30 and 60 cm depth, and -2.1 MPa at the end of water deficit period, respectively, inducing a 66% reduction of water needs and was able to advance next blooming up to 3 weeks and harvest date by 8 days (Cuevas et al., 2009) . The longterm response confirms the suitability of RDI in loquat and the economic benefits of saving water during the summer (Hueso and Cuevas, 2010) .
Concluding remarks
Based on the above mentioned results, the following can be concluded for a well-designed RDI strategy:
-A deep knowledge of the stages of plant sensitivity to water deficit is required so that the deficit is applied at times when the impact on yield and fruit quality is minimized. As a whole, fruit growth is most sensitive to water deficit during cell expansion (stage III) and the least during pit hardening (stage II).
-RDI is based on the concept that DI allows excessive vegetative growth to be controlled, while fruit growth is unaffected or even enhanced. For this reason, the main periods of vegetative and fruit growth must be clearly differentiated for the successful application of RDI in fruit trees.
-A compensatory fruit growth rate constitutes a basis for the successful application of RDI strategies. After the DI period, the full recovery of plant water status must be guaranteed at the beginning of the critical phenological stage.
-The level of water def icit applied during DI periods needs to be adapted to the sensitivity of each tree cultivar. Care must be taken when adapting postharvest water deficit in order to avoid reductions in the fruit load of the return bloom, which might limit subsequent yields.
-Interaction between fruit load and water stress must be taken into account when studying the responses of fruit trees to RDI. Fruit thinning and pruning practices have to be carefully managed under DI conditions.
-Long-term effects of DI, together with climatic conditions and crop techniques variations, must be considered, because the long-term plant responses to RDI may be different from short-term responses.
-WUE, in terms of harvestable fruit per unit of irrigation water applied, was always the highest in RDI
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conditions as compared to full irrigated or continuous deficit irrigated plants.
For the above reasons, and based on the successful use of RDI in fruit trees and vines reviewed herein, the adoption of RDI strategies in water-limited areas should be encouraged.
